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PREFACE

For the convenience of the reader, this report is divided into
Volumes I and I. This is Volume II, and presents design data, structural
description, loads and stress analysis, weights and balances, towing
and control system, aerodynamics, performance, and stability and con-
trol data.

Volume I, under separate cover, presents only the highlights of
the report as a Final Program Summary.

These two volumes have been prepared as the Final Report of a
study program conducted for the U. S. Army Transportation Research
Command by the Ryan Aeronautical Company. The study was accomplished
to determine the design, performance and functional parameters of towed
air logistic gliders of the flexible (or Rogallo) wing concept. The study
was authorized under Contract No. DA 44-177-TC-779, dated 21 June 1961.

The study program produced designs for four basic configurations
of towed gliders having payload capabilities of 250, 1, 000, 4, 000 and
8,000 pounds each. Alternate versions of the 250 and 1,000 pound con-
figurations were also developed to provide capability of air dropping the
vehicle from the AC-1 Caribou aircraft for point delivery of logistic
materiel.
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I. AERODYNAMICS AND PERFORMANCE

SUMMARY

The data contained herein presents the results of the study which

relates to the performance of the towed air logistics gliders.

Four basic configurations, with payload capacities of 250, 1, 000, 4, 000

and 8, 000 lbs. each, were analyzed for towing and free-flight modes.

Performance and flight characteristics of Army aircraft used for towing,

both for tow and free of tow regimes, were also analyzed; and analysis

of an air drop configuration of 1, 000 lb. payload capacity was made,

with ejection and deployment time and motion study included. The towed

paraglider in each of the configurations presented is highly compatible

with helicopter tow. Use, however, of the L-20A fixed wing airplane

for tow of the 250 lb. and 1, 000 lb. payload vehicle is operationally

suitable, but is deficient for STOL requirements. Optimum cruise speed

and maximum range of the L-20 and paraglider combination do not occur

for the paraglider wing loadings considered in this study.

The analysis of the air drop configuration of the 1, 000 lb. pay-

load vehicle showed that ejection and deployment from the AC-i (Cari-

bou aircraft) can be accomplished satisfactorily. The study indicates

that best results are obtained with ejection occurring at a horizontal

velocity of the carrier airplane of 200 knots and at an altitude above

terrain of 1500 ft.



The study was based on assumption that the L-20A airplane and
the H-23D helicopter would be the towing aircraft for the paragliders
having payloads of 250 lb. and 1,000 lb. The HU1 -B helicopter was
considered as the towing aircraft for the 1, 000 lb. and 4, 000 lb. payload
vehicles. The H34 helicopter was considered as the towing aircraft for
the 1, 000, 4, 000 and 8, 000 lb. payload vehicles.

The paraglider configurations studied can be -onsidered to have
an average lift/drag ratio of 3. 5. The lift/drag parameter was estab-
lished for wing loadings of 5, 6 and 7 lbs/ft 2 . It was found that maximum
lift/drag occurred for each configuration at true airspeeds of 50 to 60
knots. The data herein will show that the wing loading affects the com-
bination of the towing aircraft and the paraglider with respect to mission
radius and towing airspeed. The wing loadings of the paraglider must be
matched with the cruise speed of the towing vehicle. In the case of the
L-20, as the tow aircraft, an increase of from 5 to 7 lbs/ft2 in wing
loading will increase the maximum radius of the combination by 5%.
Therefore, to obtain maximum radius, the wing loading for this combi-
nation should be increased beyond the parameters studied.

Take-off and landing distances with helicopter tow for all of the
configurations are comparable to established STOL requirements of
500 feet over a 50 ft. obstacle. The data shows that the L-20A airplane
as a tow aircraft is not within the established STOL requirements.
Take-off distance of the L-20A with the 1, 000 lbs. payload paraglider
is 870 feet compared with 560 ft. for the basic airplane without the
paraglider. Landing distances of the paragliders are identical for all
configurations regardless of weight. These landing distances are 560 ft.
on a hard surface with no braking; 225 ft. on soft ground with no braking;
and 175 ft. on haid surface with braking. The selection of glide speed
on the final glide slope is highly critical and relates directly to the
vertical descent velocity at touchdown. By maintaining a glide speed of
L , knots and proper execution of the flare, a zero vertical descent
velocity at touchdown will result.

Free flight performance analyses of the paragliders were made
for each of the configurations. Free flight or glide profiles were based
on wing loadings of 5, 6 and 7 lbs/ft2 . Body drag was based on a theo -
retical value for a wing loading of 6 lbs/ft2 , with data extended for 20%
decrease and 20% increase in body draj. Theoretical drag values were
used for wing loadings of 5 and 7 lbs/ft . Horizontal range versus re-
lease altitude data shows that the maximum range expected for the 1,000
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lb. configuration is almost 7 nautical miles when the release altitude is
10, 000 ft. Rate of sink data shows that minimum rate of sink in the
order of 1500 ft. per minute at a true airspeed of 50 knots will occur in

all configurations of similar wing loadings.
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METHOD OF APPROACH

Aerodynamic performance analysis was conducted on towed logis-

tic gliders with payload capacities of 250, 1, 000, 4, 000 and 8,000 pounds.
Since the configurations considered do not belong to a "family", the

performance of each design was accomplished individually with no scaling
of data between designs. After determining the lift and drag character-
istics of the gliders, their free glide performance was calculated. Per-
formance of. the combination of various gliders in tow with an L-20A
aircraft and H-23D, HU-1B, and H-34A helicopters was computed, and
helicopter-glider performance was programmed on the IBM 650 digital

computer. A family of wing loading and body drag variations
were considered. Unless indicated otherwise, wing loading is 6. 0
lbs/ft2 , and body drag is the median or theoretical value. The major
significant results are presented in this report.

Lift and Drag

A lift and drag analysis of each design was accomplished. Only
force characteristics of the Flexible Wing were obtained from unpublished
NASA wind tunnel data. These data were for a wing with a flat plan lead-
ing edge sweep of 45* and a rigged leading edge sweep with spreader

bar of 500. The wing of each configuration was similar to the tested
wing and, therefore, the data could be used directly. The drag of the
body and its protuberances and the wing supporting structure was built
up from each component by using experimental data and theoretical
methods available in Reference 1. The drag coefficients of each com-
ponent were based on the wing area by the equation

S
C = C

D  D  _L

where S = reference area. CD = drag coefficient, and the subscript
ir refers to the component. No subscript refers to the complete con-
figuration. The interference drag of proximity of components was also
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considered.

A cable supported wing on the 1, 000 lb. payload configuration
was briefly investigated. Here again, unpublished wind tunnel data
corrected for leading edge radius was used for the wing force charac-
teristics.

The lift and drag of each glider configuration was reduced to thrust
horsepower required vs. true airspeed for use in the performance cal-
culations by the equation

DV
THP =

Req 325

where the drag, D, is in pounds and the flight path velocity, V, is in
knots. For use in the IBM 650 helicopter program an equivalent area,
f, vs. true airspeed was determined for each configuration using

f=C D S

The drag of a 300 ft. nylon tow cable of adequate strength (hence,
diameter) for each application was analyzed. From equations of Reference
2, and with a known towline tension and cable weight per foot, the cable
sag may be computed. It is important to note that the tractor and towed

glider are assumed to be at the same altitude. Using the computed sag
and known cable diameter, the drag can be determined from Reference
1. For all configurations the resulting drag of the tow cable was less than

one percent of the drag of the towed vehicle at maximum lift/drag ratio.
The tow cable drag, therefore, was omitted in all computations and is
not discussed in detail here.

Free Glide of Towed Gliders

The free glide performance of the gliders included calculation
of lift/drag ratios, rates of sink, and maximum horizontal glide ranges.
Rate of sink for each configuration was computed using

33, 000 THPReg
Rate of Sink =

where W = gross weight in pounds. The glide range in wings level
flight is

Horizontal Range = Altitude Lift
Drag
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Variations in wing loading and body drag were considered.

Performance of L-20A Aircraft

The substantiating data report containing the performance curves
for the de Havilland L-20A "Beaver" was not available at the time this
study was conducted. Only the SAC Charts (Reference 3) were obtained
for reference. It was necessary, therefore, to reconstruct the thrust

horsepower available and thrust horsepower required from this limited
information. Power plant data was obtained from th engine manufacturer

in Reference 4. Propeller characteristics, blade section data, and per-
formance equations were obtained from References 5, 6 and 7 to complete
the reconstruction of thrust horsepower available and required. Using
the derived data, the climbs and missions in the SAC Charts were dupli-
cated with reasonable accuracy to provide the necessary check.

L-20A - Towed Glider Take-Off

Only take-off performance of the L-20A as given in the SAC
Charts was duplicated, using the following equation from Reference 8:

W V'r.o. 2 log Fv=0

1g (FV= 0 - FT. 0.) FT. 0.

In the above equation S - ground run, W = weight of aircraft, F = accel-
erating force, V = velocity in ft/sec, and the subscript T. 0. = take-off.
The same equation was used for the L-20A with a glider ii :ow. The take-
off speed used for the 5. 0 and 6. 0 lbs/ft 2 wing loading was 45 knots,
while 50 knots was used for the glider with wing loading of 7.0 lbs/ft2 .
For take-off it was assumed that the glider accelerated on a hard sur-
faced runway at maximum lift/drag ratio. At take-off airspeed the wing
incidence was increased and the craft lifted off. For all cases the L-20A

becomes airborne after the glider.

Towed Glider Landing

The landing ground roll, S, was calculated using the empirical

equation from Reference 7:

0.1022 VT. D. 2
S= P VT. D. - log 1 (L/D)

P- VT. D.V

TD. TD

where VT. D. = velocity at touchdown in knots, u = coefficient of friction,

6



and L/D = lift/drag ratio. Touchdown speed for all gliders was
42 knots. This velocity corresponds to a lift coefficient of 1. 0 which
is less than the 1. 15 maximum. Ground effects were neglected. An
IBM 650 digital computer program in two degrees of freedom was initiated

for a cursory investigation of the landing flare problems involved. It
was determined with the computer program that the gliders could not be
flared to contact the ground at zero sink rate from a glide at maximum
lift/drag ratio. Under this condition ground contact would occur (under
ideal conditions, or initiation of flare from proper altitude) with a sink
rate in the order of 7. 5 ft/sec. By increasing the glide speed to 60
knots a landing flare initiated at a height of 29 ft. would touch down at
zero sink rate.

L-20A - Towed Glider Climbs

A take-off gross weight of 4220 pounds for the L-20A was used
for climb calculations. This weight is the basic mission take-off
weight given in Reference 3 decreased by the internal payload and
increased by the addition of a co-pilot. Rates of climb were computed
using

33, 000 TH~Pxes

Rate of Climb = Excess
W

where W = gross weight of L-20A or the combination of L-20A and
towed glider.

L-20A - Towed Glider Missions

Radius type missions at sea level, 5,000 ft. and 10, 000 ft. were
selected for displaying relative performance of the L-20A with various
glider configurations in tow. The climb portion of the missions was
accomplished at maximum rate of climb. The cruise portion of the
missions was computed at 99% of the long range cruise specific range.
The 99% figure was used since the increase in cruise airspeed is signi-
ficant for the 1% penalty in specific range. From the total of 570 lbs.
of usable fuel it was assumed that 20 lbs. were used for warm-up and take-
off ground run. Landing reserves (53 lbs.) include fuel for 20 minutes
long range cruise at sea level and a 5% allowance for variation In indivi-
dual engine fuel consumption. It was assumed that the towed gliders
were released at cruise altitude at the maximum mission radius point.
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Digital Computer Program for Helicopter Analysis

An intricate program has been developed for the IBM 650 digital
computer to calculate the power required at the rotor shaft, the flapping
coefficients, the torque coefficients, etc., for the helicopters in their
towed glider missions. The basis of the computation method is Reference
10. The charts in this reference are superior to earlier work because
they include an allowance for stall in the reversed - flow region and
contain no small-angle assumptions regarding blade section inflow angles
and velocities. The information on the charts is actually computed from
the equations in Reference 11 as needed, rather than being obtained
from prohibitively large tables.

The power required at the rotor shaft is used in overcoming the

rotor profile-drag, the induced and parasite-drag, and in increasing the
potential energy of the helicopter in climb. The power equation is non-
dimensionalized by thrust coefficient, and is written as follows:

C C C C
C PO pi p P

C T  CT  CT  CT  C T

The inputs which are required by the program are given below

with values which were assumed to pertain to all three helicopters.

Symbol kput Value

a slope of curve of section lift

coefficient against section angle of attack 5. 73 per radian

C average section lift coefficient in

reversed velocity region -1.20

Cd average profile drag coefficient
o in reversed velocity region 1.10

6 constant in the CD expression 0. 0087
o D

0

CD = 6 +61 C1 + 62 aD o 1 r 2
0

51 coefficient of cr in the CD expression -0. 0216

0

8



6 2 coefficient of a 2 in the CD expression 0.4rD
0

B tip-loss factor 0. 97

77 Lock number 15.0

a rotor solidity

R blade radius measured from center of
rotation, ft

01 difference between blade root and
blade tip pitch angles, positive when

tip angle is larger, deg

0l rotor angular velocity, radians/sec.

W helicopter gross weight, lb.

p mass density of air, slugs/cu. ft.

Y flight path angle (positive in climb) deg.

f h helicopter parasite-drag area, sq. ft.

f t towed glider parasite-drag area, sq. ft.

V true airspeed along flight path, ft/sec.

The program is accurate to within 10% as indicated in an attempt

to match a NASA example. This is considered adequate for a study of
this type.

Performance of Helicopters

The correlation of the computed speed performance with the

helicopter performance of References 3, 9 and 12 is good since the
maximum speeds given in these references were used to derive an
equivalent parasite drag area. The climb and range performance were
within 10% of agreement with the references.

The following data were used as helicopter input for the performance
IBM program.
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Helicopter 11-23D HU-1B It-34A

Rotor Solidity .03425 .0506 .0569

Blade Radius, ft. 17.7 22 28

Blade Twist, deg. -8 -10 -8

Rotor Velocity, rad/sec  38.6 32.8 23.15

Gross Weight, lb. 2478 5954 9789

(including two pilots

and fuel)

Fuel, lb. 280 1007 1572

%Power Loss (cooling, 15% 10% 15%

gear, anti-torque, etc.)

The power required as referred to in this report is power re-

quired by the main rotor. It does not include the power lost due to

transmission, cooling, anti-torque, etc. Therefore, the power required

is compared to a net normal power available which is engine brake

(shaft on the IIU-1B) horsepower less the losses given in the above table.

Performance of Helicopters with Towed Gliders

The digital computer program has been used to generate the

performance data for the helicopter-glider combination. The wing

loading of all configurations considered with the helicopters was 6. 0 lb/ft2 .

The power required curves presented in Figures 53 to 61 define the max-

inum possible speed at the net normal power available and indicate the

best speed for climb. The best climb speed is that at which level flight

power is a minimum. For each configuration at a given altitude, runs

were made for various climb path angles at the best climb speed. The

net normal power available at that altitude then indicated the maximum

climb angle. The maximum rate of climb then was simply R/C = VT sin y.
The rates of climb were then adjusted where necessary to agree with

References 3, 9, and 12 for helicopter alone, and then accordingly for

the combinations. The resultant rate of climb data are presented in

Figures 62 to 64.

The calculated missions are shown in Figures 65 to 73 at sea

level, 5,000 ft., and 10,000 ft. at the speeds for 99% maximum range.

The fuel for warm-up and take-off was considered to be the fuel for five

minutes of sea level normal rated power. An average rate of climb for
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a given configuration determines the time required to climb at max-
imum normal power and therefore the fuel used. For maximum range,
the system would be flown at the speed for which the specific range
reaches its peak value. However, the speed was increased about five
knots for only a 1% penalty in total range or radius. The gliders were
released over destination at cruise altitude and the helicopter alone was
returned to home base. The fuel for landing and reserve was considered
to be 10% of total usable fuel. The distance traveled with the takeoff and
landing fuel allowance was not included in the range capability.

Helicopter - Towed Glider Take-Off

The take-off performance of the helicopter - towed glider com-
bination was calculated using the following equation from Reference 9:

S =5 d (MV2)

In the above equation S = ground run of the glider, V = velocity in ft/see,
M = mass of combination in slugs, and P = power available minus power
required to maintain forward flight. It is assumed that the helicopter
initially lifts oft vertically and then accelerates a few feet above the
ground until the glider becomes airborne. Similarly to the L-20A -
glider take-off, the glider is accelerated on a hard surfaced runway at
maximum lift/drag ratio. At a take-off airspeed of 45 knots the glider
wing incidence was increased to effect lift-off.
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TECHNICAL DISCUSSION

The Thrust Horsepower Required vs. True Airspeed plots

(Figure 3, for example) show that the airspeed for minimum horsepower

required increases with increasing wing loading of the glider. It is apparent,

therefore, that consideration must be given to matching glider wing

loading to tow vehicle cruise airspeed for most efficient operation of

the combination. Choice of wing loading also dictates (for a constant

body drag) maximum lift/drag ratio, minimum rate of sink, and max-

imum horizontal glide range. These effects can be noted in Figures

14, 15 and 16. It is interesting to note that approximately the same

thrust horsepower is required to tow one 4, 000 lb. payload vehicle as

for four 1,000 lb. payload vehicles.

The horizontal range plots are for maximum lift/drag ratio

wings-level glides. Glides at airspeeds above or below the airspeed for

maximum lift/drag ratio or turning maneuvers will result in decreased

horizontal range.

Take-off distances of various size gliders in combination with

the L-20A (Figures 30 through 33) and helicopters (Figures 50, 51 and
52) appear to be reasonable and operationally feasible. Landing the

glider after a free glide, however, may present a minor problem. It

was determined that the glider could not be flared to a zero sink rate

touch-down from a glide at maximum lift/drag. If a zero sink rate

landing is necessary, either a continuous glide at a higher airspeed or a

two part landing flare with the initial phase at a higher airspeed may be

accomplished.

The selection of proper wing loading for a given tractor-glider

combination is evident in the L-20A Mission Profiles (Figure 38, for

example). It appears that for maximum mission radius a glider with wing

loading greater than 7.0 lbs/ft 2 is necessary when towed by an L-20A air-

craft.
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Aerial Drop Concept

The concept of delivering Flexible Wing towed gliders by dropping
them from a de Havilland Caribou transport airplane has been considered.
This twin-engine airplane has the capacity for two 1, 000 lb. payload or
ten 250 lb. towed gliders. Preliminary design drawings of these con-
figurations are included in the Appendix.

The configuration to be used for this application is standard
except for the wing structure and erection mechanism. The wing must
be collapsible for stowing the gliders aboard the launch aircraft, neces-
sitating incorporation of wing deployment mechanism and actuators.

A drag parachute is to be used to extract the glider through the

rear door of the cargo compartment. The size and type of parachute,
of course, depends on the drop speed and the desired vehicle velocity
for wing deployment. A particular condition which was investigated in
this study was the following:

Drop Altitude 1, 500 feet

Drop Speed 200 knots

Payload 1, 000 pounds

Gross Weight 1, 498 pounds

An ideal parachute with a drag coefficient of 1.4 based on a
projected diameter of six feet was assumed. An ideal parachute as
referred to here implies a chute of zero porosity. For stability con-
siderations, however, it would be advisable to use a chute with a fabric
porosity of approximately 150 cubic feet/square feet/minute. This
number refers to the cubic feet of air that will pass through one square
foot of the cloth per minute under a pressure of 1/2 inch of water. A
chute of this porosity requires a blossomed diameter of 6. 75 in order
to be equivalent to a six foot nonporous chute. A chute with a projected
diameter of 6, 75 feet has a nominal diameter of about ten feet.

In a typical drop exercise, the operator pulls the chute release
cable to initiate drop. The chute pack drops from its attach point
located on the aft end of the wing keel which extends beyond the end of
the ramp. After a short free fall, the chute pack reaches the end of the
rip cord static line and is deployed. When the chute is fully deployed,
the drag force breaks the restraint lines (or releases the glider brakes)
and releases the glider. Under the conditions considered the drag
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chute force is initially 5, 370 lb. and will produce a rearward acceleration
of 3. 6 g's relative to the Caribou. The glider and launch aircraft will
separate 0. 44 seconds after the restraint cable release.

At this instant a timing mechanism unlocks the wing and allows
deployment at a rate controlled by a dynamic pressure sensitive brake.
The deployment is effected by the drag chute tension riser which is
connected through a pulley system to the spreader bar. When the wing
is fully open, the keel slide locks and the drag chute jettisons.

At start of wing deployment, the flight path angle of the glider
will be of the order of -500 . Upon wing deployment, the glider will assume
a normal flight path and in the same manner as the conventional towed
glider.
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THRUST HORSEPOWER REQUIRED VS. TRUE AIRSPEED
ON SEA LEVEL STANDARD DAY
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Figure 1 Thrust Horsepower Required - Towed Gliders
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THRUST HORSEPOWER REQUIRED VS. TRUE AIRSPEED
ON STANDARD DAY
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Figure 2 Thrust Horsepower Required - Towed Gliders
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THRUST HORSEPOWER REQUIRED VS. TRUE AIRSPEED
ON SEA LEVEL STANDARD DAY
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Figure 3 Thrust Horsepower Required - Towed Gliders

17



THRUST HORSEPOWER REQUIRED VS. TRUE AIRSPEED
ON SEA LEVEL STANDARD DAY
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Figure 4 Thrust Horsepower Required - Towed Gliders
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